ABSTRACT SCHWAB, JOHN H. (University of North Carolina, Chapel Hill). Biological properties of streptococcal cell-wall particles. I. Determinants of the chronic nodular lesion of connective tissue. J. Bacteriol. 90:1405Bacteriol. 90: -1411Bacteriol. 90: . 1965.-The capacity of cell-wall fragments to induce a chronic remittent nodular lesion after a single injection into rabbit skin varies qualitatively as well as quantitatively among the streptococci. This variation among strains is the result of a summation of several properties of the bacterial cell, some intrinsic and others extrinsic to the cell-wall structure. With some species, the inability to produce this lesion may be related to the susceptibility of cell walls to lysozyme. Other factors defined in this paper include production of hyaluronidase, and association of the cell walls with a component which can affect the interval between injection and appearance of the nodules, called the latent time. Separation of cell-wall fragments from more soluble cell material by centrifugation results in a shorter latent time. Addition of the soluble supernatant fraction back to the cell walls prolongs the latent time and increases the area of lesion involvement. This latter effect is due to a spreading factor present in most cell extracts. Addition of hyaluronidase to isolated cell-wall fragments duplicates the increased lesion area but tends to shorten further the latent time. Thus, the soluble cell extract contains both a spreading factor and a component which prolongs the latent time, and the final influence on the lesion is in part a product of these two activities. The ease and extent of mechanical disintegration of the cell wall can also vary widely among strains and yield cell extracts differing in their content of cell-wall fragments of optimal size.
The mucopeptide-C polysaccharide complex from the cell walls of 3-hemolytic streptococci produces a chronic, remittent, multinodular lesion of connective tissue in the skin of rabbits (Schwab, Cromartie, and Roberson, 1959; Cromartie, Schwab, and Craddock, 1960) . Recent studies have been concerned with host factors, such as antibodies to certain cell-wall antigens (Schwab and Cromartie, 1960) , age and hypersensitivity (Schwab, 1964) , and related factors affected by anti-inflammatory agents (Schwab, Am. J. Pathol., in press), which influence this tissue response.
As another approach to the understanding of this reaction, streptococcal strains were selected representing high, moderate, or negligible capacity to produce the nodular dermal lesion. These were compared for susceptibility of cell walls to lysozyme, presence of components other than cell-wall fragments which influence the course of the reaction, and structure and toxicity of cell-wall moieties. The structure of cell-wall mucopeptide is being pursued by immunochemical techniques (Abdulla and Schwab, 1965a, b) , and a description of the dermo-necrotoxic properties of mucopeptide was given in a preliminary report (Schwab and Abdulla, Bacteriol. Proc., p. 46, 1965) .
MATERIALS AND METHODS Sonic extracts. Streptococci were grown in Oxoid Todd-Hewitt broth for 18 hr. The cells were washed three times with cold saline, resuspended in 0.067 M phosphate buffer (pH 7.0), and disrupted in a Raytheon 9-kc sonic oscillator for 1 hr. The extent of disruption was followed by measuring change in turbidity in a Klett colorimeter with a no. 54 filter. The extract was centrifuged at 27,000 X g for 30 min, and the supernatant fluid was filtered through a Millipore HA filter, dialyzed against water, and lyophilized. This crude (Salton, 1964) . The time required for cell disruption was highly variable for the different streptococcal strains, and was determined by phase microscopy at 5-min intervals. Centrifugation at 500 X g for 20 min removed most of the unbroken cells. The large cell walls were collected at 10,000 X g in a Servall SS-4 rotor and washed three times with buffer. They were then treated with ribonuclease and trypsin, 200,ug/ml, for 4 hr at 37 C, and were washed an additional three times with water and lyophilized.
Lysozyme treatment of cell walls. Cell walls in a final concentration of 1 mg/ml were incubated with egg white lysozyme (Calbiochem) in a final concentration of 500,ug/ml of pH 7.0 tris(hydroxymethyl)aminomethane (Tris) -buffered saline (0.067 M phosphate, 0.04 M NaCl) at 37 C with shaking for 18 hr. After centrifugation at 12,000 X g for 30 min, the supernatant fluid was decanted, and the tubes were allowed to drain. The precipitates were suspended with buffer, and rhamnose determinations were made on the precipitate and supernatant fluid. Controls consisted of cell walls in buffer.
Chronic remittent nodular skin lesions. A single intradermal injection of rabbits with sterile cellwall fragments from certain ,B-hemolytic streptococci produces a multinodular lesion which appears within 2 to 52 days after injection (Fig. 1 (Roberson, Schwab, and Cromartie, 1960) ], degree of purification of the cellwall material, and individual animal variation. Another parameter of this lesion is the total area of involvement, which may cover a skin area as large as 70 by 120 mm. With an adequate number of animals in a group, the maximal area of involvement divided by the latent time in days gives a lesion index which is proportional to the dose of cell-wall material (Schwab et al., 1959) . This has been a helpful measurement in purification studies, but its quantitative value is limited because of the many factors involved in the evolution of the lesion, as described in this paper.
The primary nodules disappear about 1 to 2 weeks after initial appearance, usually leaving a grossly negative skin area. About 1 to 3 weeks later, a relapse occurs with new nodules appearing within the old area of involvement. The incidence of relapses can be up to 100%, depending on dose and other factors described here. Since there can be considerable individual animal variation, especially with more crude preparations of cell walls, comparative studies are made within one group of animals, insofar as possible.
Chemical analyses. Methods used for determination of nitrogen, rhamnose, and reducing sugar have been described (Schwab et al., 1959) .
RESULTS
Comparison of nodular lesion production by various streptococcal strains. Crude sonic extracts were prepared from 10 streptococcal strains representing five serological groups. Intradermal injection of 2.0 mg revealed a spectrum of nodular lesion production between groups and within group C (Table 1) .
It is apparent from Table 1 that toxicity of extracts prepared by mechanical disruption may reflect extent of cell breakdown, as measured by turbidity change, and the concentration of cellwall fragments of optimal size (Roberson et al., 1960) , as measured by percentage of cell-wall Influence of the soluble fraction of sonic extracts on the nodular lesion produced by cell-wall fragments. Separation of cell-wall fragments from the crude sonic extract by differential centrifugation and washing of the sediment yields a cell-wall preparation which consistently shows a shorter latent time than the crude extract. An extreme example of this is shown in Fig. 2 with a group K strain. Nearly all of the nodular lesion-producing activity was associated with the sedimentable cell-wall fraction 9Op45-6, and the supernatant 90s45 was relatively inactive. Six rabbits were injected at one of four sites with one of the fol- lowing preparations: 100 ,ug of 9Op45-6 in buffer, 100 /Ag of 9Op45-6 plus a volume of 90s45 approximately equivalent to the ratio of the two fractions in the crude extract, the same dose of 90s45 plus buffer, and 2.0 mg of crude sonic extract. As seen in Fig. 2 , the separated cell-wall fraction 9Op45-6 was considerably more active than 20 times the weight of crude extract. Adding the supernatant back to the cell-wall fraction significantly reduced activity. This is further demonstrated by observations collected in Table   4 , in which cell-wall fractions of various degrees of purification from several strains were mixed with the relatively nontoxic supernatant fluid REACTION TO STREPTOCOCCAL CELL WALLS from centrifugation of disrupted cells (9Os45). A prolongation of the period between injection and appearance of primary nodules is consistently observed. The effect is more pronounced as the degree of purification of the cell-wall fragments increases. Thus, the electrophoretically purified fraction 1 (Schwab, 1965) , from the cell-wall fragments of the D-10, group C strain had a 50% latent time of 2.2 days. This was prolonged to 14 days when mixed with the supernatant fluid. It is quite remarkable that after injection of a few micrograms of this purified cell-wall preparation the skin can remain grossly negative for as long as 22 days and then develop a 3 + lesion 60 by 70 mm in the area around the injection site. It is noteworthy that addition of the group C, S. equi supernatant fluid to the group A cell walls modified the latent period of the nodular lesion with an effect comparable to that obtained with the supernatant from the group A extract. The only influence of the supernatant on the incidence of relapses was seen in experiments with the electrophoretically purified cell-wall fragments, which will be treated more fully in the accompanying paper (Schwab, 1965) .
Effect of a spreading factor on the nodular lesion. Although mixing the cell-wall fragments with the soluble cell fraction prolongs the latent time, it also increases the area of lesion involvement (Table 4) . This reflects the presence of a spreading factor, which is also indicated by the rapidity with which the initial injection volume disappears. The possible influence of spreading factor on the course of the nodular lesion was investigated by treatment of cell-wall fragments with hyaluronidase. Table 5 compares the effect of hyaluronidase and the supernatant, 90s45, on the lesion produced with cell-wall fragments, 9Op45, from group C, strain H46-A streptococci.
A control of hyaluronic acid plus cell-wall fragments was also included. The shortened latent times obtained in this experiment with hyaluronidase and hyaluronic acid are not significantly different from the control. However, the increased latent period upon addition of supernatant fluid is significant at the 5 % level of confidence, and the increased area of lesion involvement with both hyaluronidase and supernatant fluid is also significant. The experiment was repeated to determine whether the spreading factor was acting on bacterial components, or on a tissue substrate after injection. Treatment of cell-wall fragments from group C, strain D-10 streptococci with hyaluronidase, followed by washing to remove most of the enzyme, had no effect on the incidence of relapses and did not shorten the latent period (groups I and II, Table 6 ). However, injection of cell-wall fragments immediately after mixing with hyaluronidase without incubation or washing, did increase the latent period as well as decrease the total area of involvement (groups III and IV, Table 6 ).
Analysis of wash supernatant fluids and sediments showed 33% of total reducing sugar solubilized by hyaluronidase, compared with 5.7% in the control.
In addition to the studies with hyaluronidase, several experiments with different streptococcal strains have included treatment of cell-wall fragments with papain, trypsin, or ribonuclease (Table 7 , also Schwab, 1965) .
DISCUSSION
A single intradermal injection of rabbits with cell-wall fragments from many, but not all, streptococcal strains produces a chronic remittent nodular lesion of connective tissue. These studies provide further understanding of the mechanism of this experimental lesion.
Many factors influence the tissue response to cell walls, and thus the nature of the reaction to extracts of cells (and presumably to cells being disposed of in vivo after infection) reflects a summation of properties. Some of these factors are properties of the host, such as neutralizing antibody (Schwab and Cromartie, 1960) , and age and hypersensitivity (Schwab, 1964) . Cogent properties of the bacterial cell which have been partially defined include: susceptibility of cell walls to lysozyme or other unknown tissue muramidases, quantitative or structural association of cell walls with certain soluble cell components, and production of hyaluronidase. In addition, there are properties related to the size of cellwall particles (Roberson, Schwab, and Cromartie, 1960) .
The capacity to induce the nodular lesion
